Diabetic ketoacidosis (DKA) in children and adolescents with established type 1 diabetes is a major problem with considerable morbidity, mortality, and associated costs to patients, families, and health care systems. We analyzed data from three multinational type 1 diabetes registries/audits with similarly advanced, yet differing, health care systems with an aim to identify factors associated with DKA admissions.
In children and adolescents, diabetic ketoacidosis (DKA) represents the most serious acute complication of type 1 diabetes, which usually results in admission to the hospital and is associated with a 0.15-0.3% mortality rate (1) (2) (3) (4) . DKA not only has considerable costs to health care systems (5) but there is also an added burden of cost to patients and their families. In 2004-2009 in the U.S., the mean hospital cost per pediatric DKA admission was $7,142 (range $4,125-11,916) (6) , and insurance claims data from 2007 reported an excess of $5,837 in annual medical expenditures for youth with insulin-treated diabetes with DKA compared with those without DKA (7) . In Germany, pediatric patients with diabetes with DKA had diabetes-related costs that were up to 3.6-fold higher compared with those without DKA (8) .
Rates of DKA in youth with type 1 diabetes vary widely nationally and internationally, from 15% to 70% at diagnosis (4) to 1% to 15% per established patient per year (9) (10) (11) . However, data from systematic comparisons between countries are limited. To address this gap in the literature, we analyzed registry and audit data from three organizations: the Prospective Diabetes Follow-up Registry (DPV) in Germany and Austria, the National Paediatric Diabetes Audit (NPDA) in England and Wales, and the T1D Exchange (T1DX) in the U.S. These countries have similarly advanced, yet differing, health care systems in which data on DKA and associated factors are collected. Our goal was to identify indicators of risk for DKA admissions in pediatric patients with .1-year duration of disease with an aim to better understand where targeted preventive programs might lead to a reduction in the frequency of this complication of management of type 1 diabetes.
RESEARCH DESIGN AND METHODS

Participants
DPV
The DPV registry is a prospective longitudinal standardized computer-based documentation system for patients with all diabetes types. All children ,18 years old with type 1 diabetes duration $1 year (n = 22,397) who had at least one office visit in 2011 or 2012 were included in this report from the 281 sites. Currently, more than 90% of German and more than 70% of Austrian children with diabetes are included in the registry. Data are documented locally by the participating centers in an electronic health record. Twice yearly, anonymized data are exported and transmitted for central analyses. Missing and inconsistent data are reported back to the centers for correction. Data collection is approved by the ethics committee at Ulm University and by the institutional review boards (IRBs) at the participating centers (12, 13) , which are listed in the Supplementary Data.
NPDA
The NPDA collects data on outcomes and care processes for children and young people diagnosed with diabetes who attend pediatric diabetes units (PDUs) where diabetes care is provided in England and Wales (http://www .rcpch.ac.uk/npda). Each PDU submits data annually to the NPDA. Data for this report were collected between 1 April 2011 and 31 March 2012 and include all children ,18 years old with a diagnosis of type 1 diabetes for at least 1 year attending a PDU (n = 16,314). A total of 177 PDUs from England and Wales submitted data for this time period. Information about DKA admissions was obtained by linkage of unique patient identifiers submitted to the NPDA with the Hospital Episode Statistics (England) and the Patient Episode Database for Wales (Wales). These two databases collect information on all hospital admissions in England and Wales, with ICD classification being used to code the data. The Royal College of Paediatrics and Child Health, which delivers the NPDA, has approval to collect and hold patient information for the NPDA without written consent. However, patients and their parents are informed of the submission of their data to the NPDA by the local PDU.
T1DX
The T1DX Clinic Network includes 75 U.S.-based pediatric and adult endocrinology practices. A registry of more than 26,000 individuals with type 1 diabetes commenced enrollment in September 2010 (14) . Each clinic received approval from a local IRB. Informed consent was obtained according to IRB requirements. Data were collected for the registry's central database from the participant's medical record and by having the participant or the participant's parent complete a comprehensive questionnaire, as previously described (14 (16, 17) . Ethnic minority status for DPV was defined as at least one parent born outside of Germany or Austria (positive migration history). Ethnicity data for England and Wales was reported to the NPDA by the participating center. This is a self-reported ethnicity by the patient and the patient's family using a list of contemporary ethnic categories (white, black, Asian, mixed, other, or not stated). Minority status was defined as nonwhite, with "not stated" being excluded as missing data. For the T1DX, ethnic minority status was defined as other than non-Hispanic white.
Statistical Methods
Summary statistics were calculated within registries/audits and are given as the median with quartiles for continuous variables and as the percentage for dichotomous variables. Kruskal-Wallis or x 2 tests were performed to compare basic demographic and clinical characteristics among registries/audits. The proportions of participants with at least one DKA event in the past 12 months were tabulated by registries/audits and by strata of each explanatory variable. Next, unadjusted odds of DKA were calculated by registry/audit and overall for the following potential indicators of greater risk for DKA: age (,6 years, 6 to ,13 years, 13 percentile]) defined according to WHO cutoffs for age and sex, and ethnic minority status (yes/no). These analyses were repeated with multivariable models to compare DKA rates between the registries/audits. A stepwise approach was used to adjust logistic regression models for age-group, sex, type 1 diabetes duration group, ethnicity, HbA 1c group, BMI category, and pump use. Additional analyses were performed stratified by age-groups. All statistical analyses were performed using SAS 9.4 software (SAS Institute, Inc., Cary, NC). All P values are two-sided. A priori, in view of the large sample size and multiple comparisons, only P values ,0.01 were considered statistically significant. (Table 1) were similar across the three registries/audits for sex. Due to the large sample size, differences in age, age at diagnosis, and duration of type 1 diabetes were statistically significant, but these small differences were not clinically important. DPV and T1DX had higher rates of pump use (44.2% and 56.1%, respectively) compared with NPDA (11.5%). Ethnic minority status ranged from 22.6% in T1DX to 20 Table 1 , the proportion of subjects with at least one DKA event in the prior year was lowest in DPV (5.0%), intermediate in NPDA (6.4%), and highest in T1DX (7.1%).
RESULTS
Patient characteristics
In univariate analyses ( for NPDA. This can be explained by the T1DX having the highest rate of DKA but the NPDA having the highest HbA 1c .
The association of age with DKA was further explored in the fully adjusted models (Table 4) . Females had higher odds of DKA in the 6-to ,13-and 13-to ,18-year-old age-groups, but not in those ,6 years old. Minority status was only significantly associated with DKA in the 13-to ,18-year-old group, although the odds were similar in all age-groups. The highest odds for DKA were for elevated HbA 1c , with the 13-to ,18-yearold group having the greatest risk. In contrast, pump use was associated with elevated odds of DKA in the ,6-year-olds and in the 6-to ,13-year-olds but with reduced odds of DKA in the 13-to ,18-year-olds.
CONCLUSIONS
The major finding of these analyses is high rates of pediatric DKA across the three registries, even though DKA events at the time of diagnosis were not included. In the prior 12 months, ;1 in 20 (DPV), 1 in 16 (NPDA), and 1 in 14 (T1DX) pediatric patients with a duration of diabetes $1 year were diagnosed with DKA and required treatment in a health care facility. Female sex, ethnic minority status, and elevated HbA 1c were consistent indicators of risk for DKA across all three registries. These indicators of increased risk for DKA are similar to previous reports (10, 11, 18, 19) , and our rates of DKA are within the range in the pediatric diabetes literature of 1-15% per established patient per year (10, 11) .
Compared with patients receiving injection therapy, insulin pump use was associated with a lower risk of DKA only in the U.S. in the T1DX, but no difference was seen in the DPV or NPDA. Country-specific factors on the associations of risk factors with DKA require further investigation. For pump use, selection bias may play a role in the U.S. The odds of DKA in pump users was not increased in any registry, which is a marked difference from some (10) but not all historic data (20) . When data from all three registries were analyzed together, odds of DKA were increased in pump users ,6 and 6 to ,13 years of age, but decreased in 13-to ,18-yearolds. A more detailed analysis of pump use across these three registries indicates differing patterns by age-group, with the highest pump use in ,6-year-olds in the DPV, but higher use in the 13-to ,18-year-olds in the T1DX, and the lowest pump use in the NPDA (21) .
Although this is the largest data set on pediatric DKA reported, we acknowledge limitations of registry-level data, including that the data are cross-sectional. Ascertainment of data across the registries may differ and could introduce bias. For example, the T1DX registry was more stringent in DKA case definition; however, rates of DKA were still the highest of the three registries. Socioeconomic status may also explain some of the increased risk for DKA, but these data were not available for these transnational comparisons. Also, the health care systems in each country differ and likely contribute to differences in DKA but are beyond the scope of this data set and analysis. Further investigation of the advantages and disadvantages of these health care systems could inform changes to reduce pediatric DKA.
DKA and its associated morbidity and mortality can frequently be prevented by following simple diabetes care selfmanagement, such as monitoring blood glucose and checking urine or blood to identify ketosis early (4) . Mortality data (19) or lower costs (7), and these data should be considered as estimates of the effect of the economic savings with DKA prevention. It should be noted that these estimates do not include the high costs of treating the devastating long-term sequelae of cerebral edema and other complications that can accompany the treatment of DKA. Thus, cost-effective DKA prevention programs need to be developed and tested for their effectiveness.
Such prevention programs in pediatrics should target females, ethnic minorities, and youth with HbA 1c levels above target because these groups are at increased risk of developing DKA. These multicenter data in almost 50,000 children demonstrate many similarities and some important differences in DKA in childhood type 1 diabetes from three registries across five nations. Benchmarking such data is important so countries can better understand where to target interventions to improve quality of care. These analyses highlight the high annual rates of DKA in the pediatric population in these developed Western nations that already have sophisticated and advanced health care systems. These data should serve as a call to action to develop programs to reduce pediatric DKA. thousands of patients and families who contributed to these registries/audits and the numerous investigators. A.S., S.E.H., F.C., C.S.-S., R.W.B., J.T.W., and R.W.H. researched data and reviewed and edited the manuscript. R.W.B. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and accuracy of the data analysis. 
